ABSTRACT The quantity and ratio of two sex pheromone components in the abdominal gland of Rhyacionia frustrana (Comstock) were determined for three generations from the Georgia Piedmont, two generations from the Georgia Coastal Plain, and one generation from the Virginia Coastal Plain. There were no signiÞcant differences among quantities of either pheromone component among any generations or collection sites. Quantities for the major component, (E)-9-dodecen-1-yl acetate, varied among the samples from 10.8 to 18.6 ng per adult female. Similarly, quantities for the minor component, (E)-9,11-dodecadien-1-yl acetate, varied from 0.5 to 0.9 ng per female. Ratios were signiÞcantly different only between the second generation Georgia Coastal Plain and Þrst-generation Virginia Coastal Plain, although we do not think these differences are biologically meaningful. Pheromone component ratios for the major and minor component ranged from 16.5: 1Ð23.4:1 among all sites. The signiÞcance of these Þndings as they relate to synthetic bait efÞcacy and decreased summer trap catches of male R. frustrana is discussed.
THE NANTUCKET PINE tip moth, Rhyacionia frustrana (Comstock), is an important pest of intensively managed loblolly pine (Pinus taeda L.) plantations throughout the southeastern United Sates (Berisford 1988) . Adult moths emerge from overwintering pupae within infested pine shoots during late winter or early spring. Mating occurs at dusk when females release a pheromone to attract males (Berisford and Brady 1972) . Eggs are laid singly on needles, buds, and shoots. Following eclosion, Þrst instar larvae mine needles. The second instar burrows into the shoot and subsequently feeds on the pith and cambium. After a Þfth instar, pupation occurs within the damaged shoot (Yates 1981, Fettig and Berisford 1999) . There are two to Þve generations per year throughout the range of R. frustrana, but most locations have three or four (Fettig et al. 2000) . Hill et al. (1981) identiÞed two components of the R. frustrana sex pheromone as (E)-9-dodecen-1-yl acetate (E9 Ð12:Ac) and (E)-9,11-dodecadien-1-yl acetate (E9,11Ð12:Ac) in a 24:1 ratio. The optimum component ratio for trapping male R. frustrana was reported to be in the range of 19:1Ð39:1 when dispensed from rubber septa at a loading rate of 1,000 g of E9 Ð12:Ac per lure. Baer et al. (1976) demonstrated that the pheromone-producing gland of R. frustrana is located below the eighth abdominal tergite with an external opening in the inter-segmental membrane between the eighth and ninth abdominal tergites. Virgin females and crude extracts from the female abdominal tip can be used to attract males to traps Brady 1972, Hill et al. 1981) . However, traps baited with a synthetic blend of these compounds loaded on rubber septa are currently used to monitor this pest and to initiate a spray-timing model based on degree-day accumulation (Gargiullo et al. 1985 , Fettig et al. 2000 . There are several commercial baits available which use a variety of dispensers. Rubber septa loaded with pheromone in the proper ratio are as attractive as virgin females and crude tip extracts (Hill et al. 1981) . Synthetic-baited traps may be used in certain situations to predict future damage by R. frustrana (Asaro and Berisford 2001a) .
Nantucket pine tip moths are crepuscular and females release pheromone during a calling period lasting approximately 2 hr (Berisford 1974a (Berisford , 1974b . During spring, peak ßight activity occurs just before sunset, but in summer it occurs later (Berisford and Brady 1972) . The threshold temperature for tip moth ßight is 9.5ЊC (Haugen and Stephen 1983 ) and adults will often ßy during late afternoon to avoid temperatures that fall below this threshold during the spring (Webb and Berisford 1978) . Trap catches for the Nantucket pine tip moth generally decrease precipitously from the Þrst (spring) generation to the subsequent (summer) generations, regardless of changes in population density (Asaro and Berisford 2001a) . Berisford and Brady (1972) speculated that higher spring trap catches could be due to more pheromone being released per female or a heightened response by males.
1 E-mail: casaro@arches.uga.edu Leonhardt et al. (1990) demonstrated that catches of male gypsy moths, Lymantria dispar L. (Lepidotera: Lymantriidae), in traps baited with synthetic pheromone depend on the release rate. Higher average temperatures could affect pheromone release rates in R. frustrana during the summer months.
Adult female tip moths may have a mechanism to compensate for higher temperatures during their calling period by releasing more pheromone then at lower temperatures, while still maintaining the proper component ratio. Currently, no information on pheromone quantity, seasonality or release rate is available. Furthermore, it is not known whether the ratio of the two pheromone components is constant between tip moth generations. Females of the omnivorous leafroller moth, Platynota stultana (Walshingham) (Lepidoptera: Tortricidae), produce the same ratio of its two-component pheromone throughout the year (Baker et al. 1978) . However, Þeld-trapping tests with a range of pheromone component ratios throughout the year showed that there were signiÞcant shifts in the best ratio for trapping males of this species. Before our study, it also was not known if the quantity and ratio of R. frustrana pheromone components varies by region since, to date, all such studies have been conducted in the Georgia Piedmont.
Studies with bark beetles (Coleoptera: Scolytidae) such as Ips pini (Say) and Dendroctonus frontalis Zimmermann have shown seasonal and geographic variation in response to pheromones, most likely the result of different relative quantities of the same compounds (Berisford et al. 1990, Teale and Lanier 1991) . Namkoong et al. (1990) found a high degree of genetic heterogeneity among R. frustrana populations from Þve geographic locations throughout its range in the eastern US. They suggested that there is likely to be a fragmented collection of disparate, noninterbreeding populations within this range, leading to a diversity of moth behaviors and complex interdemic interactions. Our objectives, therefore, were to determine if there are inherent seasonal and geographical differences in the quantity and ratio of E9 Ð12:Ac and E9,11Ð12:Ac from R. frustrana female abdominal tip extracts.
Materials and Methods
Abdominal Tip Extracts. Adult tip moths were reared from infested loblolly pine shoots. Collections from the Georgia Piedmont occurred just before each of three adult emergence periods in February, May, and July 1998 in Oglethorpe County. Shoot collections from the Georgia Coastal Plain occurred before each of four adult emergence periods in January (EfÞng-ham County), April (Jefferson County), June (Bulloch County), and August (Bulloch County). The last two shoot collections contained a very high number of parasitized larvae and pupae and did not yield enough adult female tip moths to obtain an adequate number of samples for analysis. During March 2000, an additional collection of shoots was obtained for the Þrst tip moth generation in Sussex County, in the Coastal Plain of Virginia.
Adult females were collected between 1200 and 1700 on the day they emerged (19 Ð24 h old) and individually frozen within a glass vial placed on a bed of dry ice. In this frozen state, abdominal tips containing the pheromone gland were excised using surgical scissors that were mounted on a 20 by 15-cm glass plate by securely taping one arm of the scissors to the plate surface. It was important to stabilize the scissors in such a manner to efÞciently and routinely clip the terminal three abdominal segments from a frozen moth Ϸ5 mm long. Excised tips were immediately placed in 1 ml of redistilled pentane within a microreaction vial (Supelco, Bellefonte, PA) kept on dry ice. A minimum of twenty female abdominal tips was used for each sample extraction. Abdominal tips were lightly crushed within the vial, and the supernatent was immediately removed and pipetted through plastic sterile Þltered tips (Fisher Brand, Redi-Tip, 0.5Ð10 l, Pittsburgh, PA) to remove particulates. These tips generated no impurities that potentially might have co-eluted with the compounds of interest in our samples (this was tested by passing three solutions of pheromone analytical standard (Tré ce, Salinas, CA) (10 ng/l) dissolved in pentane through these tips in the same manner as the extracts above, which were subsequently analyzed by gas chromatography-mass spectrometry (described below). The resulting sample extracts were stored at Ϫ80ЊC until analysis. Before analysis, 50 ng of ethyl caprate was added to each sample as an internal standard (Dietz 1967 , Ouchi 1997 . Each sample extract was concentrated down to 10 l through evaporation within the 0.2 ml conical insert of a 2 ml autosampler vial (Supelco, Bellefonte, PA) to ensure adequate peak size for the minor component, E9,11Ð12:Ac, which is present in minute quantities. Previous tests with analytical standards showed that Ϸ95% of each pheromone component (major and minor) and internal standard (10 ng/l) was recovered following evaporation of a 100 l pentane solution to near dryness (1Ð5 l) (data not shown). The high molecular weight of these compounds (226, 224, and 200, respectively) relative to pentane and the additional stability conferred by the interaction with other high molecular weight compounds (lipids, proteins, etc.) from within the tip moth extracts is thought to prevent signiÞcant evaporation when concentrating.
Gas Chromatography-Mass Spectrometry (GC-MS). The extracts were analyzed directly by GC-MS using a HewlettÐPackard G1800A instrument with electron ionization detection and helium as the carrier gas. Following a splitless injection, the fused-silica column (HP-INNOWAX, 57.9 m ϫ 0.25 mm, HewlettÐ Packard, Palo Alto, CA), coated with cross-linked methyl polysiloxane (df ϭ 0.33 m), was programmed to rise from 100 to 180ЊC at a rate of 15ЊC per minute. The analytical portion of the run occurred between 180 and 220ЊC, during which time the temperature was ramped at 5ЊC/min. The column was then held isothermal for 5 min. Thereafter, a rise of 15ЊC/min to 240ЊC was programmed, and held isothermal at this temperature for 3 min to purge the column of residual compounds. This temperature program was designed to reduce the run time to 22 min while maintaining optimum chromatography, and was developed based on numerous split and splitless runs of analytical standards. Peaks for the major and minor component were identiÞed by comparing sample mass spectra, recorded at 70 eV and intervals of 1.0 s, to the mass spectra and retention times of analytical standards.
Quantification of Pheromone Components. Pheromone component ratios were determined by integration of total ion chromatograms. The major component, E9 Ð12:Ac, produced a clean peak that did not co-elute with other compounds and was integrated directly. The minor component, however, was present in low amounts and often overlapped considerably with a number of other compounds, making direct integration impossible for many of the runs (Fig. 1) . Therefore, an indirect approach was necessary for determining peak area using extracted ion chromatograms (Leufvé n and Birgersson 1987). With this technique, two abundant ions from the mass spectra of E9,11Ð12:Ac, 54 and 67, were integrated separately. Because these two ions are unique to the minor component within a speciÞed retention time range, it was possible to deduce the precise location of the minor component peak by locating these ion peaks. Through analyzing the full ion spectrum of E9,11Ð12:Ac from two databases (one was the commercial HP mass spectral database that was installed with the system software, the other was compiled by this lab over many years by running analytical standards of Ϸ100 compounds of interest), it was determined that ion 54 and 67 collectively represent 14.5% of the total ion abundance for this compound. Therefore, the combined peak areas for ion 54 and 67 would represent 14.5% of the total peak area for E9,11Ð12:Ac.
Once the peak areas for each pheromone component were determined in the samples, quantiÞcation of each component was done by applying an appropriate response factor. This was accomplished by generating response curves of 1, 10, and 100 ng of E9 Ð 12:Ac and E9,11Ð12:Ac stock solutions to Þve ng of ethyl caprate. Response factor curves using the concentration ratio and peak abundance ratio of each pheromone component to ethyl caprate were generated (Dietz 1967 , Ouchi 1997 . These were compared with the abundance ratios of each pheromone component and internal standard from the samples. Because a known amount of internal standard was added to each sample before concentration, we could determine the quantity of each pheromone component in the sample (Dietz 1967 , Ouchi 1997 ). This quantity was divided by the number of females in the sample to determine the average quantity of each component per female. Average component ratios and quantities were compared among generations and regions using analysis of variance (ANOVA) followed by TukeyÕs test for means separation (SigmaStat 2.0, 1995).
Results and Discussion
Approximate retention times during the sample runs for the internal standard (ethyl caprate), major component (E9 Ð12:Ac), and minor component (E9,11Ð12:Ac) were 9.8, 13.7, and 16.2 min, respectively (Fig. 1) . For each generation within each region, the average quantity of major component was determined to be between 10.8 and 18.6 ng per female, although there were no signiÞcant differences in quantity among any of the sample locations [(F ϭ 0.78; df ϭ 5, 20; P ϭ 0.574)] (Table 1) . Similarly, the average quantity of minor component was determined to be between 0.5 and 0.85 ng per female, with no signiÞcant differences in quantity among any of the sample locations [(F ϭ 1.13, df ϭ 5, 20; P ϭ 0.374)] (Table 1) . The average pheromone component ratio for each region and generation were similar, ranging from 16.5:1 to 23.4:1. No signiÞcant differences were found among any of the ratios except for the two extreme values, 16.5 for the second generation Georgia Piedmont and 23.4 for the Þrst generation Virginia Coastal Plain [(F ϭ 2.97; df ϭ 5, 20; P ϭ 0.036)] (Table 1) . However, these differences are not likely to be biologically meaningful and probably reßect the size and variability of the samples used. Furthermore, the quantities of each pheromone component from these samples were not signiÞcantly different.
Hence, adult R. frustrana females from different geographic regions do not appear to store variable amounts of each pheromone component during different generations. However, these samples represent pheromone quantities held within the gland at a particular time and not how much of each component is produced or released over the entire life span of an adult female. Teal et al. (1986) showed that the ratio of pheromone components of Heliothis virescens (F.) (Lepidoptera: Noctuidae) released as volatiles differed considerably from that found in the gland. Furthermore, Bäckman et al. (1997) showed that the codlemone titer of the codling moth, Cydia pomonella L. (Lepidoptera: Tortricidae), increased from 2.3 Ϯ 1.6 ng 2 h before the onset of scotophase to 8.7 Ϯ 2.6 ng after 2 h of calling. An increase of the female gland titer during the early calling period has been reported in other Lepidoptera (Raina et al. 1986 , Dunkelblum et al. 1987 , Kou 1992 , Kamimura and Tatsuki 1993 . It is not known whether the amount of pheromone present within a female R. frustrana represents all that is available for the female to use throughout her life, or if it is synthesized continuously as needed. The great difÞculty in getting tip moth adult females to call in captivity (Cresswell et al. 1971, Richmond and Thomas 1977) has prohibited the determination of the quantity, release rate and ratio of components in pheromone volatiles. Furthermore, the onset of pheromone release is impossible to determine by direct observation of adult female R. frustrana because they do not exhibit a readily visible calling posture as do many Lepidoptera (unpublished data).
The pheromone component ratios found appear to be consistent and close to the 24:1 ratio reported by Hill et al. (1981) in female gland extracts and the 19:1Ð39:1 optimum ratio for trapping male R. frustrana with synthetic pheromone. Furthermore, the quantities reported for E9 Ð12:Ac were similar to those reported by Berisford and Brady (1973) , in which crude extracts of female abdominal tips were found to contain a maximum of Ϸ20 ng of the then unidentiÞed attractive components using gas-liquid chromatography. In addition to the variability of pheromone within each adult female, the most likely source of error in calculating these ratios is the manual integration of ion 54 and 67 from the extracted ion chromatograms for determining the quantity of minor component.
Pheromone quantity and emission rates have implications for the interpretation of pheromone trap catches. In particular, the degree to which synthetic baits reßect the composition and natural release rate of pheromone by female tip moths may tell us how effective the trapping system currently is, or if it can be signiÞcantly improved. This is especially important if pheromone traps are to be used for predicting adult populations and/or tip moth damage (Asaro and Berisford 2001a) . For example, the extent to which synthetic baits and virgin females compete for males is unknown but may have an important inßuence on trap catch tallies. Although Hill et al. (1981) demonstrated that optimal ratios of the major and minor component ranged from 19:1Ð39:1, these were based on red rubber septa loaded with 1000 g of E9 Ð12:Ac and 25Ð50 g of E9,11Ð12:Ac, leading to release rates that far exceed amounts that R. frustrana females are likely to emit based on quantities stored in the gland. However, Þeld tests showed attraction was more sensitive to the ratio of components rather than the quantity of each, because similar numbers of moths were caught using synthetic baits with the proper component ratios and live virgin females (Hill et al. 1981) . Berisford and Brady (1972) reported that two R. frustrana abdominal tip extracts were more attractive than Þve live females, provided they were replaced daily. This may suggest that females store more pheromone in the gland than they release during a single calling period, and that greater release rates from tip moth extracts (or synthetic baits) may be more attractive to males than natural pheromone release rates. The synthetic red rubber septa baits currently in use may be optimally effective since they appear to be at least as attractive as virgin females, are not restricted to a short calling period each day as are females (Berisford 1974a (Berisford , 1974b , and last signiÞcantly longer than the life span of an individual female (Asaro and Berisford, 2001b) . Butler and McDonough (1981) report a halflife of 38 d for E9 Ð12:Ac impregnated on red rubber septa, although such a value for E9,11Ð12:Ac is unknown.
The reasons for generally lower trap catches during the summer generations are unknown, but it might have more to do with a shorter life span for males during summer than with a drop in bait efÞcacy (Asaro and Berisford, 2001b) . Although pheromone release rates from red rubber septa undoubtedly differ according to temperature, fewer moths are caught in summer than on a comparably warm day in spring, assuming tip moth populations are similar. Therefore, differential pheromone release rates cannot explain decreased summer trap catch alone. Decreased summer trap catch occurs when using synthetic baits (Berisford et al. 1992 , Fettig and Berisford 1999 , Asaro and Berisford 2001a ) which should have similar phero- mone ratios initially, regardless of the time of year. Furthermore, since reduced summer trap catch normally occurs even when synthetic baits are replaced weekly (Asaro and Berisford 2001a) , it seems unlikely that rapid evaporation, differential volatility or breakdown of the pheromone components at higher temperatures could explain this phenomenon alone. A lack of any differences in female pheromone gland titer between generations suggests that there is little variation in pheromone quantity in females to compensate for greater volatility under higher temperatures. This does not mean, however, that variable pheromone emission rates or changes in male response to pheromone plumes between generations does not occur. Until a method is devised to collect and quantify pheromone volatiles from calling R. frustrana females, a thorough evaluation of the current trapping system will be difÞcult.
